Dsk2p from Saccharomyces cerevisiae belongs to the class of proteins that contain a ubiquitin-like (UbL) domain at the N terminus together with a ubiquitin-associated (UBA) domain at the C terminus. We show here that the C-terminal UBA domain of Dsk2p binds to K48-linked polyubiquitin chains, and the N-terminal UbL domain of Dsk2p interacts with the proteasome. Overexpression of Dsk2p caused the accumulation of large amounts of polyubiquitin, and extragenic suppressors of the Dsk2p-mediated lethality proved to be temperature-sensitive mutations in two proteasome subunits, rpn1 and pre2. K48-linked ubiquitin-dependent degradation was impaired by disruption of the DSK2 gene. These results indicate that Dsk2p is K48-linked polyubiquitinbinding protein and also interacts with the proteasome. We discuss a possible role of adaptor function of Dsk2p via its UbL and UBA domains in the ubiquitin-proteasome pathway.
D
sk2p is a member of a protein family that is characterized by possession of an N-terminal ubiquitin (Ub)-like (UbL) domain and a C-terminal Ub-associated (UBA) domain (1) . In yeast, DSK2 was isolated as a suppressor of kar1, which is defective in spindle pole duplication (2) . Although DSK2 is not an essential gene, yeast strains deleted for both DSK2 and RAD23 are temperature-sensitive for growth because of a block of spindle pole body duplication. Dsk2p and Rad23p seems to perform overlapping functions, although the sequence of Dsk2p is hardly similar to that of Rad23p overall except that they show Ϸ30% identity in their N-terminal UbL domains (residues 1-76) and that both contain UBA domains at their C terminus. Recent work on yeast Rad23p indicates that it is connected with the Ub-proteasome pathway; the N-terminal UbL domain interacts with the proteasome (3) . There are genetic interactions between RAD23 and the polyubiquitin-binding subunit of the proteasome, RPN10 (4), and Rad23p seems to inhibit polyubiquitin chain assembly in a cell-free assay system (5) . We recently identified that Xenopus Dsk2-related protein, XDRP1, blocked Ub-dependent degradation of the cyclin A (6) , and the human homologue of XDRP1, Plic1, is reported to form a link between the Ub machinery and the proteasome (7) . Plic1 also is known as ubiquilin, independently isolated in a yeast two-hybrid screen by using presenilin as bait (8) . In Dictostelium, a Dsk2p homologue known as SonA is involved in Ub-mediated proteolysis (9) . These recent reports all suggest that Dsk2-related proteins play critical roles in protein degradation by the Ub-proteasome pathway.
Ub is a 76-residue polypeptide found in all eukaryotes, the sequence of which is highly conserved from yeast to human. Ub-mediated protein degradation plays a vital role in many eukaryotic cellular processes including protein quality control, cell cycle control, the regulation of transcription, and the response to a variety of external stress (10, 11) . Proteins to be degraded are modified by the covalent attachment of the Cterminal glycine residue of Ub to certain of their lysine residues forming an isopeptide bond. In turn, the covalently linked Ubs themselves are ubiquitylated to form polyubiquitin chains that serve as recognition motifs for the proteasome, which degrades the target protein and recycles the Ub. The ubiquitylation process involves a Ub-activating enzyme (E1), a Ub-conjugating enzyme (E2), and a Ub ligase (E3) (11) . The protein modified by the polyubiquitin chain is captured by interaction with receptors that are present in the 19S proteasomal cap unit and then degraded by the 20S proteasomal core (12) . Compared with the well understood biochemistry of the ubiquitylation machinery and the molecular aspects of the proteasome, however, it is not completely clear yet how a targeted protein is delivered to the 26S proteasome; in particular, it has been puzzling how polyubiquitin chains are recognized by the proteasome. At least one component of the 19S proteasomal cap, Rpn10/S5a, seems capable of binding tightly to polyubiquitin (13, 14) , but it is not an essential gene in yeast, raising the possibility that other factors are involved (15, 16) . As we show in this paper, Dsk2p seems to be one of these previously unrecognized polyubiquitin-binding factors and uses its UbL and UBA domains to perform the recognition.
Also puzzling are a class of proteins that contain UbL domains at their N-terminal ends that display high homology to portions of the Ub molecule (1). There is no evidence that UbL domains embedded in their polypeptide are conjugated to other proteins as modifiers. Confusingly, these Ub-related proteins are involved in a wide range of cellular functions including protein degradation (5-7), DNA repair (17), spindle pole duplication (2), cell cycle arrest (18) , chaperone functions (19) , cell adhesion (20) , and apoptosis (21) . We show here that the UbL domain of Dsk2p is a binding site for the proteasome, which would imply that the wide range of cellular functions reflects the cases in which proteolysis underlies the effects. In this study we present evidence that Dsk2p binds to polyubiquitin, preferentially to K48-linked chain, via its C-terminal UBA domain. Dsk2p also interacts with the proteasome via its N-terminal UbL domain mediated by Rpn1 and Pre2 subunits. Based on the findings described here, we discuss that Dsk2p serves as an adaptor protein that participates in the delivery of polyubiquitylated proteins to the proteasome. In addition, we also discuss that the Dsk2p and Rad23p, both of which share similar domain structures, serve a similar and partially redundant function.
Materials and Methods
Strains, Media, and Two-Hybrid Assay. The yeast strains used in this study were Saccharomyces cerevisiae YPH499 (MATa ade2-101 leu2-⌬1 trp1-⌬63 ura3-52 lys2-801 his3-⌬200) background (22) . Yeast strains were grown in the standard culture medium. Yeast cells were transformed by the lithium-acetate method. For overexpression experiments, yeast cells transformed by galactose-inducible plasmid were cultured in minimal medium con-taining 2% raffinose at 30°C to ϷA 600 ϭ 0.8. Galactose (2%) then was added to the medium and incubated for 4 h. Escherichia coli DH5␣ strain was used for DNA manipulation, and E. coli BL21 (DE3) was used for the expression of glutathione Stransferase (GST)-Dsk2p protein.
In two-hybrid screening, yeast strain Y190 (MATa ade2-101 his3-⌬200 leu2-3,112 trp1-901 ura3-52 gal4⌬ gal80⌬ cyh r 2 URA3::Gal-lacZ LYS2::GAL-HIS3) was used. DSK2 lacking the N terminus (72-373) was subcloned into the pAS404 (23) and used as bait in the two-hybrid screen by using yeast Gal4AD-cDNA library (a gift from Stephen Elledge, Houston). Among 1.5 ϫ 10 5 transformants, 42 colonies that grew on the synthetic dextrose-His-Trp-Leu ϩ 25 mM 3-aminotriazole plate was obtained and tested for sequence.
Construction of Plasmids and Mutants. PCR-amplified DSK2 ORF (1.9-kb BamHI-ClaI fragment) was subcloned into the pRS316. For overexpression, DSK2 DNA was subcloned into galactoseinducible vectors, pGAL1-YEplac195 and pGAL1-YEplac112. For recombinant Dsk2p, DSK2 was subcloned into a XbaIHindIII site in the pGEX-KG or pEG-KG vector. DSK2 deletion mutants were constructed by the PCR method and subcloned into pGEX-KG and pEG-KG similarly. To disrupt DSK2, a 480-bp BamHI-SacI fragment upstream of the DSK2 ORF was amplified by PCR (primer: 5Ј-ATAGAGCTCTATCGTGCTA-GAATGATTCGG-3Ј and 5Ј-CAAGGATCCCCGT AGCA-GACGCGCTTCTTA-3Ј) and the 380-bp ClaI-ApaI fragment downstream of the DSK2 ORF was amplified by PCR (primer: 5Ј-TAAGGGCCCTTAAATAAACGTCTAGATGCC-3Ј and 5Ј-T T TATCGATCTGA ATCGGATACGGCA AGCC-3Ј). Then, these two fragments were subcloned into the pRS403. The resultant plasmid was digested by BamHI and used to transform into YPH499. Disruption of DSK2 was checked by PCR and immunoblotting.
Ub cDNA was cloned into pET21a and pET28a from UBI1 cDNA by the PCR method. Ub lysine mutants (K29R, K48R, K63R, K29R-K48R-K63R) were constructed from T7-tagged Ub in pET21a by PCR-based site-directed mutagenesis. T7-tagged Ub and its mutants in pET21a were subcloned into galactose-inducible YEpGAL112. His 6 -T7-tagged Ub in pET28a was subcloned into a GAL1-inducible yeast 2-m vector, pNV7. The plasmids carrying the Ub-lacZ fusion gene, Ub-Leu-␤-galactosidase (␤-gal), and Ub-Ala-␤-gal were provided originally from A. Varshavsky (24) .
Immunoblotting, Pull-Down Assay, and Recombinant GST-Dsk2p. Cell extracts were prepared in lysis buffer: 20 mM Hepes, pH 7.5, 100 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA, 1 mM pamidinophenylmethanesulfonyl fluoride, and 1 g/ml each of leupeptin, pepstatin, chymostatin (25) . For GST pull-down, cell extracts were incubated with the glutathione-Sepharose 4B for 2 h. For His 6 -T7-Ub pull-down, cell extracts in lysis buffer containing 1 mM EGTA instead of EDTA were incubated and precipitated with Talon metal-affinity resin (CLONTECH). For proteasome-Dsk2p interaction, the cell lysate was prepared as described (26) . Recombinant GST-Dsk2 protein was prepared from E. coli BL21 (DE3) transformed with pGEX-KG-DSK2 and used for pull-down assay as described (6) .
Isolation of DSK2-Mediated Suppressor Mutant. YPH499 cells harboring YEplac195-pGAL1-DSK2, YEplac112-pGAL1-DSK2, and pRS315-pGAL1-ADE2 were spread on synthetic medium containing 2% galactose minus uracil, tryptophan, leucine, and adenine, and colonies grown on plate were obtained. Of 400 candidates, nine temperature-sensitive mutants were isolated. Tetrad analysis showed that the suppression phenotype and the temperature sensitivity were caused by a single mutation. These mutants were transformed by the pRS200-based S. cerevisiae genomic library, and plasmid DNA that complemented the temperature sensitivity was sequenced. Mutated genes were cloned by the gap-repair method, and mutation sites were determined by sequencing.
Degradation Assay of N-End Rule Substrate. The plasmid carrying the Ub-lacZ fusion gene (24) was transformed into strain YPH499. The transformant was grown at 30°C in raffinose medium minus uracil. Ub-Leu-␤-gal and Ub-Ala-␤-gal, a model substrate of N-end rule (27) , were expressed in yeast under the control of the GAL1 promotor. Cells were collected once by centrifugation and transferred to galactose medium minus uracil. Incubation was continued for 2 h to induce Ub-Leu-␤-gal or Ub-Ala-␤-gal, and then dextrose was added to a final concentration of 2%. Cell extracts were prepared according to the method described (25) followed by immunoblotting with anti-␤-gal antibody.
Antibodies and Tetra-Ub. Anti-Dsk2p polyclonal antiserum was raised in rabbits by using purified Dsk2p prepared from thrombin-digested recombinant GST-Dsk2p. Anti-Ub (Santa Cruz Biotechnology), anti-GST (Santa Cruz Biotechnology), anti-T7 (Promega), anti-polyubiquitin (FK1, Nippon Bio-Test Laboratories, Tokyo), anti-Cdc28 (R49-4, a gift from Kim Nasmyth, Vienna, Austria), anti-20S proteasome ''core'' (Affiniti, Exeter, U.K.), anti-Rpt1 (Affiniti), anti-␤-gal (Promega) antibodies, and tetra-Ub (Affiniti) were used in this study.
Results

Dsk2p Binds to Polyubiquitin.
To investigate the function of Dsk2p in yeast, we screened a S. cerevisiae library for interacting factors with an N-terminal truncated Dsk2p in a two-hybrid system. Seventeen strong interacting clones were identified as Ub cDNAs fused with ribosomal proteins (13 UBI3, 3 UBI2, and 1 UBI1) (28) . We first confirmed the interaction of Dsk2p with these proteins by using different two-hybrid reporters. Fig. 1A shows that all three Ub fusion proteins gave a strong interaction by using histidine-prototrophic growth (Top) and a ␤-gal assay (Middle). Next, GST-Dsk2p and T7-tagged Ub were expressed in yeast, and binding of GST-Dsk2p to Ub was tested. A significant fraction of the high molecular weight Ub was retained by GST-Dsk2p when detected by the anti-T7 antibody (Fig. 1B, lane  8) . By using His 6 -T7-tagged Ub, we also showed that the Ub was coprecipitated with Dsk2p ( Fig. 1C , an arrow in lane 4). The high molecular weight smear was proved to be polyubiquitin when recombinant GST-Dsk2p pull-downs from cell extracts were immunoblotted with an anti-polyubiquitin antibody (Fig. 1D,  lane 3) . No binding between monoubiquitin and Dsk2p was observed in any case (data not shown). Therefore, we conclude that Dsk2p binds to polyubiquitin but not to monoubiquitin.
The C-Terminal UBA Domain in Dsk2p Is Required for Its Binding to
Polyubiquitin. To define the domain of Dsk2p required for polyubiquitin binding, we made a number of deletion mutants of Dsk2p (Fig. 2B) , the binding abilities of which for polyubiquitin were tested by immunoblotting. The N-terminal truncation (residues 78-373), which removes the N-terminal UbL domain, bound to polyubiquitin (Fig. 2 A, lane 3) . The C-terminal UBA domain alone (residues 328-373) bound polyubiquitin to the same extent as full-length Dsk2p (lane 4). By contrast, Cterminally truncated mutants (residues 1-327, 1-215, 1-77, and 78-335), all of which lack the UBA domain, did not bind to polyubiquitin (lanes [5] [6] [7] [8] . This result shows that the UBA domain at the C terminus of Dsk2p is necessary for its binding to polyubiquitin.
Dsk2p Binds Directly to K48-Linked Chains via Its UBA Domain. We next tested whether Dsk2p can bind to tetra-Ub as a model of a minimal polyubiquitin chain for proteasomal targeting (29) in the absence of any other cellular factors. K48-linked tetra-Ub was incubated with GST-Dsk2p followed by GST pull-down and immunoblotting with the anti-Ub antibody (Fig. 3A) . Tetra-Ub was retained by the glutathione-Sepharose when full-length GST-Dsk2p (residues 1-373) (lane 6) or C-terminal UBA domain 328-373 (lane 8) were present but not with C-terminal truncated Dsk2p (residues 1-327) (lane 7). As a control GST alone did not retain tetra-Ub (lane 5). Therefore, the UBA domain of Dsk2p is able to bind directly to K48-linked tetra-Ub chain in vitro.
Polyubiquitin chains can be formed in vivo by at least three different linkages of lysine residues in the Ub molecule, K29, K48, and K63 (30) (31) (32) (33) . Next, a series of Ub lysine mutants, K29R, K48R, K63R, or the triple substitution mutant, were made, and the effects of Ub lysine mutants on polyubiquitin-Dsk2p binding were examined (Fig. 3B) . T7-tagged Ub mutants were expressed in yeast from galactose-inducible promoter, and the extracts of yeast cells were incubated with recombinant GST-Dsk2p followed by glutathione-Sepharose affinity chromatography and immunoblotting with anti-polyubiquitin antibody. The expression of K48R Ub reduced the amount of endogenous polyubiquitin bound to GST-Dsk2p (Fig. 3B Top, lane 4) compared with that of wild type (lane 2) and no additional Ub expression (lane 1), whereas expression of K29R (lane 3) or K63R (lane 5) had no effect on the recovery of polyubiquitin. Expression of the triple lysine mutant (K29R-K48R-K63R) decreased polyubiquitin binding to GST-Dsk2p to about the same extent as the K48R (lane 6). As a control, we checked that these T7-Ub mutants were expressed similarly in cells (Bottom) and that the level of GST-Dsk2p is similar in each sample when immunoblotted with anti-GST antibody (Middle). These results, together with domain analysis (Fig. 2) , indicate that the UBA domain of Dsk2p binds to K48-linked polyubiquitin chains.
Accumulation of Polyubiquitin Chains Caused by Overexpression of
Dsk2p in Cells. We noticed in the experiment shown in Fig. 1 that cells expressing GST-Dsk2p showed increased amounts of high molecular weight T7-tagged polyubiquitin (Fig. 1B, lanes 3 and  4) . We therefore tested whether endogenous polyubiquitin accumulated in cells where Dsk2p was overexpressed (Fig. 4A) . Dsk2p was expressed from pGAL1-DSK2 by the addition of galactose to the medium followed by immunoblotting with the anti-polyubiquitin antibody. Overexpression of Dsk2p led to the accumulation of a large amount polyubiquitin chains in cells (lane 4). We then determined which domain of Dsk2p was required for the increased polyubiquitin levels (Fig. 4B) . Deletion of the N terminus of Dsk2p (residues 78-373 and 328-373) accumulated polyubiquitin (lanes 3 and 4), whereas expression of mutants lacking the C terminus (residues 1-77 and 78-335) did not (lanes 5 and 6). Therefore, the C-terminal UBA domain of Dsk2p is required for the increased accumulation of polyubiquitin seen when Dsk2p overexpression is induced. The accumulation of polyubiquitin was parallel to that obtained when polyubiquitin binding was measured (see Fig. 2B ). When we tested the accumulation of polyubiquitin in cells expressing Ub lysine mutants, the expression of Ub K48R or the triple K29R- K48R-K63R inhibited the accumulation of polyubiquitin, whereas K29R or K63R was relatively less inhibited (data not shown). These results indicate that overexpression of Dsk2p caused the accumulation of K48-linked chains.
Suppressors That Restore the DSK2-Mediated Toxicity Are Identified
as Mutations in the Subunit of Proteasome Rpn1 and Pre2. As originally observed (2), the overexpression of full-length Dsk2p inhibits the growth of yeast. Then, we looked for extragenic suppressors that could restore the DSK2-mediated growth arrest (Fig. 5) . The procedures are essentially the same as described (34) . Nine suppressor mutants that also conferred a temperature-sensitive growth were isolated, and three of them were identified as recessive mutations in subunits of the proteasome: pre2-75 (G75A), pre2-127 (C127F), and rpn1-821 (G821D), respectively (Fig. 5A ). Rpn1p is found in the lid of the 19S regulatory subunit, and Pre2p is a ␤-core subunit (35) . Even in the absence of DSK2 overexpression, these three mutants accumulated polyubiquitin (Fig. 5B, lanes 3, 5, and 7) . We next investigated whether Dsk2p interacts physically with the proteasome by using pull-down of Dsk2p-GST followed by immunoblotting with anti-20S proteasome antibody. We next tested the effects of these mutations on protein degradation by using a model substrate of N-end rule for degradation, Leu-␤-gal (27) . Ub-Leu-␤-gal was expressed in the mutant cells pre2 and rpn1 followed by extractions of proteins and immunoblotting with anti-␤-gal antibody. We found that the degradation of Leu-␤-gal was prevented in pre2-75, pre2-127, and rpn1-821 compared with that in the wild-type strain (Fig. 6A) . These mutant phenotypes thus indicate that the proteasome activity is decreased by the mutation of either gene.
Degradation of K48-Linked N-End Rule Substrate Is Impaired by
Disruption of DSK2. We further examined the effects of Dsk2p on protein degradation in the Ub-proteasome pathway by using Leu-␤-gal and Ala-␤-gal as model substrates. Leu-␤-gal is degraded rapidly depending on K48-linked Ub chains, whereas Ala-␤-gal is stable (36) . Ub-Leu-␤-gal or Ub-Ala-␤-gal was expressed in the wild-type strain and dsk2⌬. When immunoblotting with the anti-␤-gal antibody (Fig. 6B) , degradation of Leu-␤-gal is inhibited in dsk2⌬ (Upper, lanes 2-5) compared with that in the wild-type strain (lanes 7-10). Unlike Leu-␤-gal, the stability of Ala-␤-gal was unaffected by Dsk2p depletion (Lower). These results suggest that Dsk2p participates in K48-linked protein degradation in the Ub-proteasome pathway.
Discussion
The Role of Dsk2p as an Adaptor Protein in Ub-Proteasome Pathway.
In this paper we provide evidence that the C-terminal UBA domain of Dsk2p binds to K48-linked polyubiquitin chains and that its N-terminal UbL domain binds to the proteasome. Overexpression of Dsk2p is toxic to the wild-type strain, allowing us to isolate the suppressor mutants rpn1 and pre2, components of the proteasome subunits (35) . The reduced toxicity caused by overexpression of Dsk2p in these suppressors is explained presumably by the inability of the proteasome that contained the altered Rpn1p or Pre2p. Dsk2p binds to polyubiquitin but not to monoubiquitin, interestingly in contrast to a recent report in budding yeast Ddi1p (37) . Taken together, these results indicate that Dsk2p might be a polyubiquitin-binding protein that helps to deliver polyubiquitin chains to the proteasome. This interpretation is supported by the recent report that Plic1, a human homologue of Dsk2p, associates with both the proteasome and Ub ligase in a large complex (7, 38) . Moreover, disruption of Dsk2p inhibited the degradation of K48-linked substrate Leu-␤-gal (Fig. 6) ; therefore, we suspect that Dsk2p binds to K48 polyubiquitin chains attached to target proteins. Here we propose that Dsk2p serves as an adaptor protein that participates in the delivery of polyubiquitylated substrates to the proteasome; Dsk2p binds to polyubiquitin chains via the C-terminal UBA domain and to the proteasome via the N-terminal UbL domain. K48-linked polyubiquitylated substrate captured by Dsk2p may be delivered to the receptor site onto the proteasome. Furthermore, we observe a remarkable increase in the total amount of K48-linked polyubiquitin under the condition of Dsk2p excess in yeast. Polyubiquitin chains can be edited also by the activities of specific de-ubiquitylating enzymes (16) , the activity of which is rather critical for the persistence of long Ub chains (39, 40) . In the condition of Dsk2p excess, therefore, either the activation of ubiquitylation or the inhibition of deubiquitylation might be induced by excess Dsk2p via its UBA domain, and excess Dsk2p may cause an increase in flux through the proteasome.
In vertebrates, consistent with a positive effect of Dsk2p on Ub-proteasome pathway, a Xenopus homolog of Dsk2p, XDRP1, promotes the degradation of cyclin B in egg extracts (unpublished result). On the other hand, we originally observed that the degradation of cyclin A is inhibited by XDRP1 (6). Such a distinct response for cyclin degradation may be caused by different XDRP1-related proteins, because several XDRP1-related proteins are present in Xenopus eggs (data not shown).
Possible Interactions of Dsk2p Adaptor with Other Polyubiquitin
Receptors. Several polyubiquitin receptors seem to be involved in the recognition of polyubiquitin chains. The proteasome subunit Rpn10/S5a was shown to be a Ub receptor that binds to polyubiquitin chains (13, 14) . However, it was puzzling at the time that a deletion of RPN10 is viable and the rpn10 mutant lacking the ability to bind polyubiquitin chains did not inhibit protein degradation in vivo (41) , because no other polyubiquitinbinding protein had been identified. It has since become clear that several 19S subunits, Rpn1 and Rpn10, are involved in the recognition of polyubiquitinated substrates (15, 38, 42) . For example, rpn10 exerts synthetic effects with rad23, indicating that Rpn10p receptor and Rad23p have overlapping functions via binding to the same proteasome with different sites (4) . Taken together with our data described here, Dsk2p binds to K48-linked polyubiquitin, and the N-terminal UbL domain of Dsk2p also interacts with the 26S proteasome, mediated by Rpn1 and/or Pre2 subunits (Fig. 5) . We therefore can imagine that Dsk2p may act by passing distinct polyubiquitin K48 chains on to Rpn1p of the proteasome.
Functional Redundancy of Dsk2p and Rad23p. Dsk2p has functional redundancy with another N-terminal Ub-related protein, Rad23p. Although DSK2 is not an essential gene (2), we also confirmed that a double mutant, dsk2⌬rad23⌬, is synthetically lethal at 35°C. The sequence of Rad23p is hardly similar to Dsk2p overall, but it contains an N-terminal UbL and two UBA domains (17) . A recent paper suggested that Rad23p is connected with the Ub-proteasome pathway (3) (4) (5) . Rad23p is shown to negatively regulate the polyubiquitin pathway by inhibition of ubiquitylated chain assembly factor E4 (5, 43), whereas Dsk2p seems to function positively in polyubiquitylation. Overexpression of RAD23 stabilizes mutant Pds1p (44) , and thus we tested whether, in contrast, overexpressed Dsk2p could stimulate Leu-␤-gal degradation. However, we cannot observe distinct effects of Leu-␤-gal degradation (data not shown), probably because an expressed Dsk2p to a single Leu-␤-gal substrate was titrated out by many other substrates present in cells. Furthermore, it is possible also that Dsk2p and Rad23p each could recognize different lysine-linked chains by virtue of their abilities to bind polyubiquitin chains. It has been published recently that fission Fig. 6 . Inhibition of protein degradation by the proteasome mutations pre2 and rpn1 and by DSK2 disruption. (A) Inhibition of Leu-␤-gal degradation in pre2 and rpn1. Ub-Leu-␤-gal, a model substrate of N-end rule (originally provided by A. Varshavsky), was induced by galactose induction in the wildtype, pre2, and prn1 strains followed by chasing with the addition of glucose to the medium. After the induction was shut off, cell extracts (0.1 A 600 equivalents) were taken at 20-min intervals and immunoblotted with anti-␤-gal antibody (Promega). Pre; before induction; WT, wild type. (B) Degradation of K48-linked N-end rule substrate is inhibited by DSK2 disruption. N-end rule substrates, Ub-Leu-␤-gal and Ub-Ala-␤-gal, were induced by galactoseinduction in dsk2⌬ (lanes 1-5) and the wild-type strain (lanes 6 -10). Degradation of Leu-␤-gal and Ala-␤-gal was followed by immunoblotting as described for A.
yeast Dph1p and Rhp23p (Dsk2p and Rad23p homologs) bind to multi-Ub chains (45) . In this paper we show that budding yeast Dsk2p binds to polyubiquitin. We therefore suspect that both Dsk2p and Rad23p function as adaptors, but they might work on some subset of polyubiquitylated substrates. Our data suggests that Dsk2p mediates the delivery of K48-polyubiquitin and the proteasome, whereas Rad23p-related function may link to different lysine chains (5, 16) . Overlapping but distinct chain specificity of Dsk2p and Rad23p might play a regulatory role in the fail-safe delivery system of the Ub-proteasome pathway.
Further work on functional redundancy of these proteins is required to clarify this point.
